A c c e p t e d M a n u s c r i p t Highlights  We predict facial traits from genetic variants of 1,300 individuals  We use information from large sets of SNPs  Six facial traits, facial width among others, are predicted significantly  This work is a promising addition to previous research into facial trait prediction Highlights (for review) 1 Abstract 1 Research into the importance of the human genome in the context of facial appearance is receiving 2 increasing attention and has led to the detection of several Single Nucleotide Polymorphisms (SNPs) of 3 importance. In this work we attempt a holistic approach predicting facial characteristics from genetic 4 principal components across a population of 1,266 individuals. For this we perform a genome-wide 5 association analysis to select a large number of SNPs linked to specific facial traits, recode these to genetic 6 principal components and then use these principal components as predictors for facial traits in a linear 7 regression. We show in this proof-of-concept study for facial trait prediction from genome-wide SNP 8 data that some facial characteristics can be modeled by genetic information: facial width, eyebrow width, 9 distance between eyes, and features involving mouth shape are predicted with statistical significance 10 (p < 0.03). 11 2 Keywords 12 facial trait prediction; visible trait prediction; normal trait variation; evolutionary genetics; genetic 13 association.
Introduction

15
Facial features are one of our most distinguishing visible traits, and known to be modeled by combined 16 genetic, epigenetic and environmental factors [1] . An example of this are monozygotic twins, often 17 so similar in appearance that they can be difficult to tell apart, which concludes that at least partial 18 reconstruction of facial features from DNA should be possible. 19 Genotypic profiling based on Single Nucleotide Polymorphisms (SNPs) has been successfully implemented 20 to predict a person's amount of freckling, presence of moles, hair texture and skin color [2] [3] [4] [5] [6] [7] [8] . In forensic 21 science genotyping has been used to predict an individual's eye color, hair color, sex and ancestry with 22 high accuracy [9, 10] . Prediction of facial features from DNA would be very useful in forensic science, 23 since this would make it possible to narrow down a list of suspects for a particular crime based on facial 24 appearance alone. 25 However, this aim is difficult to implement, since Genome-Wide Association Studies (GWAS) have 26 
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A c c e p t e d M a n u s c r i p t 2 revealed many traits as inherently polygenic [11] [12] [13] . One example of this is human height, now believed to 27 be shaped by thousands of SNPs [14] . The search for decoding the genetic modeling of facial traits has at 28 this time only taken the first steps: three SNPs affecting nose width, nasion position and face width have 29 been detected [15, 16] ; Liu et al. identified five SNPs associated with specific facial phenotypes extracted 30 from three dimensional (3D) magnetic resonance images and two dimensional (2D) portrait images [17] ; 31 and a study conducted by Claes et al. established 24 of 76 candidate SNPs in known craniofacial genes as 32 having significant effects on facial variation [18] . Nonetheless, lack of SNPs with strong effects and a low 33 degree of explained facial variance reveal facial phenotypes as polygenic. Therefore, other methods are 34 needed to increase the chance of success for finding a translation from genetics to facial features.
35
In this work we attempt to predict 2D facial characteristics from genetic variants across a population 36 of 1,266 individuals to establish the presence of a signal in our DNA for the coding of facial features.
37
This is a proof-of-concept study focusing on genome-wide SNP data instead of individual SNPs for the 38 prediction of facial traits. We construct a statistical shape model of the face by Principal Component 39 Analysis (PCA). The facial shape principal components are used as phenotypes in a GWAS to select 40 for associated SNPs, whereafter a PCA is performed on these selected SNPs to construct corresponding 41 statistical models for the genetic variation. The genetic principal components are then used to predict a 42 given facial shape component by linear regression in a repeated stratified nested cross-validation design. Subjects were recruited from a large genotyped sample [19] . Encrypted identifiers of genotyped subjects 46 were decrypted by a representative of the Icelandic Data Protection Authority and subjects were recruited to the study by a clinic overseen by the Icelandic Data Protection Authority. Psychologists and nurses 48 phenotyping the participants were blind to genotype. Those working with the genetic data were blind to This study focuses on the prediction of facial features from genome-wide SNP data. Over twenty million 58 genotyped and imputed SNPs were available and therefore feature selection by genome-wide association 59 was implemented to ensure genetic models being built with SNPs associated with a given shape component. 60 An overview of our method is presented in Figure 1 . 
Ascertainment
62
The ascertainment of Icelandic participants has been described in detail elsewhere [19] . Of these 1,338 were . 73 points annotation scheme. An example of the set of annotation points to determine the shape model. Anatomical landmarks are points determining homologous parts in a face; like the tip of the nose. Pseudo-landmarks are points located between anatomical points that are needed to construct a precise shape model.
Generating shape components 89
A Procrustes Analysis was performed on the annotated faces to align and scale them due to missing 90 absolute distances in the 2D images [27] . In a procrustes analysis optimal transformation of annotation 91 points is found to minimize distance between points of the same class; e.g. the tip of the nose (Figure 3 ).
92
The mean shape was subtracted from these aligned and scaled shapes and a PCA was performed, resulting 93 in a statistical facial shape model with principal components restricted to account for 95% of the variance 94 in the original data. Facial shape principal components are further-on referred to as shape components. Shape components predicted with statistical significance based on permutation tests. The multiple correlation coefficient, r, is reported with standard deviations together with the number of genetic components used in the prediction and the p-value gathered from the permutation test.
11, 16, 27 and 28 to be predicted with statistical significance (Table 1) In this work we demonstrate that facial characteristics can be predicted to some degree solely from genetic 156 information. This is a proof-of-concept study with the focus on genome-wide SNP data instead of on For facial trait prediction to succeed, finding the most appropriate dimension reduction and prediction
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A c c e p t e d M a n u s c r i p t 11 methods, acquiring standardized, preferably 3D, facial images and gathering larger amounts of data is only 192 part of the obstacle. This, because genotype data alone will only enable incomplete prediction of most 193 traits, as seen by approaches combining information from large amounts of common SNPs to gauge the 194 heredity of traits [14, 31] . Therefore, epigenetic and environmental data would be of interest to perhaps 195 move towards success in the area of facial trait prediction [32] . 196 In conclusion, we have in this study shown that specific facial features can be predicted to a small 197 extent from genetics, even for traits without known candidate genes. It is necessary to move away from 198 approaches using SNPs as single entities and we find our method to hold definite potential for facial trait 199 prediction in forensic science. However, a larger data set and refinement of the used methods is needed 200 before it will be possible to determine to which extent the coding of facial features can be extracted from 201 genome-wide SNP data. 
